The partitioning behavior of immunoglobulin G (IgG) in the aqueous two-phase system (ATPS) composed of poly(-ethylene glycol) (PEG) and phosphate was studied. The parameters of ATPS exhibiting the pronounced effects on the partitioning behavior of IgG include phase composition, PEG molecular weight, and the addition of sodium chloride (NaCl). The accumulation of IgG at the interface of the ATPS increased drastically as the tie-line length (TLL) was increased. This trend was correlated with a linear relationship relating the natural logarithm of interfacial partition coefficient (ln G 00 . The proposed relationship, which serves as a better description of the underlying mechanics of the protein partitioning behavior in the polymer-salt ATPS, provides a good fit (r 2 > 0.95) for the data of IgG partitioning. An optimum recovery of 99.97% was achieved in an ATPS (pH 7.5) composed of 14.0% (w/w) PEG 1450, 12.5% (w/w) phosphate and 5.0% (w/w) NaCl.
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[Key words: Aqueous two-phase system; Statistical mechanics; Bioseparation; Protein recovery; Purification; Immunoglobulin G] Antibodies, also known as immunoglobulins, are the highly specific molecules naturally produced by plasma cells triggered by the presence of pathogenic antigens and foreign molecules (1) . The immunoglobulin G (IgG) plays a key role in the analytical biotechnology, pharmaceutical and immunotherapy applications (2) . The volumetric productivity of antibodies in the upstream processing has increased remarkably in the last three decades, but the economies of scale brought by this improvement have been failed by the cost of downstream processing (3) . A versatile and economical alternative purification technique will serve as a valuable tool for overcoming obstacles such as the limitations in the throughput and scalability of current facilities, the emergence of biosimilars, the increasing economic pressure, and the growing competition between pharmaceutical companies (4) .
Aqueous two-phase system (ATPS) is an alternative method which could circumvent the limitations of the conventional downstream processing of protein. This economic, highthroughput, non-toxic and scalable technique integrates the clarification, purification and concentration of the target protein into a single step (5) . The application of ATPS in purification of antibody was first reported in 1992 (6) . The monoclonal antibody IgG1 from hybridoma cell culture supernatant was purified by an ATPS complemented with a thiophilic adsorption chromatography (6) , and a recovery of 71% of the total IgG1 was obtained. In the last decade, Azevedo et al. (7), Mao et al. (8) , and Wu et al. (9) applied the polymer-salt ATPS and the dual-polymer ATPS for the recovery of IgG, and the relatively good purity and yield were achieved in their studies. Moreover, with the addition of sodium chloride (NaCl) in the ATPS, they have demonstrated that the recovery of IgG was significantly improved and the removal of host cell protein became more effective at pH 7.2. However, the use of high-molecularweight poly(ethylene glycol) (PEG) (7, 10) resulted in low solubility of IgG in the ATPS. Hence, PEG with lower viscosity or lower molecular weight (ranging from 1450 g mol À1 to 4000 g mol À1 ) is desired for ensuring the feasibility of continuous processes. The precipitation of IgG at the interface of ATPS has been reported in many literatures (7,9e12) . However, the contributing factors to such phenomenon have until now been disregarded. Moreover, concise relationships in the form of equations which describe the factors contributing to the accumulation of IgG at the interface and the influence of ionic strength on the partitioning efficiency of IgG have not been emphasized and attempted in previous researches related to the extraction of IgG using ATPS. These influences ought to be addressed and modelled to avoid the loss of IgG through precipitation and to provide a clearer understanding of the extraction efficiencies of IgG in an ATPS. There were numerous attempts made in developing reliable correlations that elucidate and predict the influence of ionic strength on the protein's partitioning behavior in an ATPS. By combining the UNIQUAC equation and the extended Debye Huckel equation, a thermodynamic model was developed by Hartounian et al. (13) to relate the protein partitioning to the changes in type and concentration of salt. However, it was only applicable to the polymerepolymer ATPS containing low concentration of salt (13) . Besides, it was known that the presence of NaCl will affect the phase composition of an ATPS. Thus, the omittance of this factor in the model developed by Eiteman has resulted in the severe underestimation of the partition coefficients of charged biomolecules in ATPS (14) . Additionally, the Collander solvent regression relationship has been applied in the analysis of protein partitioning in the polymeresalt ATPS prepared at different ionic compositions (15) . Other approaches with a lack of underlying theoretical foundation have also been proposed. Asenjo and co-workers fitted the relationship between the partitioning behavior of the target protein and the NaCl concentration with a sigmoidal Boltzman curve, while the partitioning of contaminants was modelled with a linear correlation between the logarithms of partition coefficient and NaCl concentration (16) . An empirical linear relationship between the natural logarithm of the partition coefficient of an ionic solute and the ionic strength was proposed by Zaslavsky et al. (17) for the polymerepolymer ATPS, but it was later found that the use of ionic strength value as an index of the ionic composition was generally inadequate.
Therefore, in this study, we explored the effect of phase composition on the accumulation of IgG at the interface. The generated results were used to support the linear relationship between the natural logarithm of partition ratio, ln G, and the PEG concentration difference between the top phase and the bottom phases, D[PEG], as proposed by Chow et al. (18) . Moreover, a linear correlation, as proposed by Chow et al. (19) for describing the protein partitioning behavior of biomolecules as the functions of phase composition and pH, was further extended in this work to account for the influence of the concentration of NaCl on the partitioning behavior of IgG. Other parameters of ATPS such as molecular weight of PEG, volume ratio (V R ) and system pH were evaluated for the optimum recovery of IgG in the PEGephosphate ATPS. Also, above physiological pH, a majority of the impurities present in the crude IgG possess negative net charge similar to that of serum albumin (20) . Thus, the partitioning behavior of BSA, which acts as a model impurity studied in previous works, was compared to the results obtained in this study for a clearer understanding on how the selected ATPS parameters could yield a better selective partitioning of IgG in the ATPS.
MATERIALS AND METHODS

Materials
PEGs with average molecular weights of 1450 g mol À1 and 3350 g mol À1 (PEG 1450 and PEG 3350, respectively), human IgG, and bovine serum albumin (BSA) (crystallized and lyophilized) were acquired from SigmaeAldrich (MO, USA). PEGs with average molecular weights of 2000 g mol À1 and 4000 g mol
À1
(PEG 2000 and PEG 4000, respectively), dipotassium hydrogen orthophosphate (K 2 HPO 4 ), potassium dihydrogen orthophosphate (KH 2 PO 4 ), and NaCl were purchased from Merck (Hohenbrunn, Germany). PEGs with average molecular weights of 6000 g mol À1 and 8000 g mol À1 (PEG 6000 and PEG 8000, respectively) were obtained from Fluka (USA). Bicinchoninic acid (BCA) protein assay dye reagent assay kit was sourced from Thermo Scientific (Rockford, IL, USA). All the chemicals were of analytical grade.
Partitioning of IgG in ATPS
The compositions of the ATPSs were prepared on a weight percentage (%, w/w) basis according to the PEGephosphate ATPS phase diagrams reported by Chow et al. (18) and Ooi et al. (21) . The 40% (w/w) stock solutions of phosphate buffer were prepared at different pH by mixing the solutions of K 2 HPO 4 and KH 2 PO 4 at an appropriate ratio. The IgG was used without further purification to prepare a stock solution of 2% (w/w). The ATPS was prepared in a 15-mL graduated centrifuge tube by adding the appropriate amounts of 50% (w/w) PEG stock solution, 40% (w/w) phosphate buffer stock solution, NaCl, 0.1% (w/w) IgG solution and distilled water to a final mass of 10 g. All the components were mixed using a vortex mixer (Velp Scientifica ZX3, Italy), and the mixture was left at room temperature for 1 h to achieve phase equilibrium. Subsequently, the resulted ATPS was centrifuged at 4000 Âg for 5 min to ensure a complete phase separation. The volume occupied by each phase was determined. The samples from each of the phases were collected for IgG quantification. The amount of IgG (mg) at the interface was determined by mass balance. The results were expressed as a mean of three independent readings.
Quantifications of IgG and BSA
The concentrations of protein in the top and bottom phases of ATPS were determined by the BCA method (22) . In brief, 25 mL of sample was mixed thoroughly with 200 mL of BCA working reagent in a microtiter plate using a microplate mixer (Heidolph Instrument, Germany) and subsequently incubated at 37 C for 30 min. Next, the absorbance of solution was measured at 562 nm using an ELISA microplate reader (Sunrise Tecan, Austria). IgG was used as a standard, and the calibration curve was prepared by using IgG solutions diluted to the working range of 20e2000 mg/mL. The interferences from PEG and phosphate were eliminated by analyzing the samples against the solution of identical ATPS phase composition prepared without protein.
Evaluation of IgG extraction in ATPS
Several parameters were used to examine the performance of IgG extraction in the ATPS. The partition coefficient, K, was determined from the ratio of protein concentration (mg/mL) partitioned between the top phase (C T ) and the bottom phase (C B ). The partition ratio, G, was determined from the ratio of the amount of protein (mg) partitioned between the top phase (N T ) and the interface (N I ). The volume ratio, V R , is defined as the ratio of the top-phase volume (V T ) to the bottom-phase volume (V B ). The yield of the IgG in the top phase was calculated as
Formulation of the correlation between the protein partitioning behavior and the effect of NaCl addition
Based on the previous work (19) , the natural logarithm of the partition coefficient (ln K) of a charged protein can be expressed as a function of non-electrostatic term and electrostatic term as follows:
where DP is the difference in concentration of phase-forming component between the top and bottom phases; pd p 2 is the surface area of the particle; q is the contact angle; c is the constant which relates DP to the interfacial tension; k is the Boltzmann constant; T is the absolute temperature (K); n is an iterative constant; Z is the net protein charge; F is the Faraday constant; DV is the interfacial potential difference which can be expressed in terms of the system's pH; R is the gas constant; E is the standard electrode potential; AB, g 0 , and b 0 are the constants. The a 0 , which relates the ln K to pH in Eq. 1, is a constant that depends on the net protein charge. However, the addition of neutral salt (i.e., NaCl) to the ATPS also affects the interfacial potential difference. Hence, this relationship (i.e., Eq. 1) was further extended to incorporate the electrostatic effect (i.e., the Nernst equation) contributed by the addition of NaCl to the potential difference across the phases and the protein partitioning. The cell equation for NaCl can be expressed as
Thus, the Nernst equation (23) can be written as follows:
where E 00 is the measured potential contributed by the addition of NaCl; n is the number of moles of electrons exchanged in the reaction, [i] is the concentration of
, Eq. 3 can be rewritten as
Although the positively-and negatively-charged ions in the two phases are in balance, and the sum of the charges of the ions in both phases is approximately zero, an electric field is generated across the two phases by the oppositely charged ions. With the addition of NaCl and a system pH below the isoelectric point (pI) of the target protein, the target protein is moved up to the top phase in the presence of the electric field (24) . By taking DV as a sum of the interfacial potential difference contributed by both the system pH and addition of NaCl, we have
Thus, Eq. 5 can be placed into Eq. 1 to give
where Z is on the positive side when the system pH is below the pI of IgG (25), and both g 00 and b 00 are constants. Eq. 6 can be simplified, and the correlation between ln
where a 00˛R (i.e., a 00 is any real number). Thus, a linear relationship between ln K and ln [Cl À ] would be expected.
RESULTS AND DISCUSSION
Effect of molecular weight of PEG on the partitioning of IgG The effect of molecular weight of PEG on the partitioning behavior of IgG in the PEGephosphate ATPS at pH 7.0 is shown in Fig. 1 . The IgG exhibited a preference towards the top phase (i.e., ln K > 0 and Y T ¼ 70.41%) when a low-molecular-weight polymer, namely PEG 1450, was used in the ATPS. When the molecular weight of PEG increased from 1450 g mol À1 to 8000 g mol À1 , both ln K and Y T decreased drastically to a minimum of À3.26 and 4.99%, respectively. This trend revealed that the molecular weight of PEG imposed a pronounced impact on the partitioning behavior of IgG. The IgG predominantly partitioned to the saltrich phase when PEG with a higher molecular weight (>1450 g mol À1 ) was used in the ATPS.
The sharp decreases in ln K and Y T of IgG at the increasing molecular weight of PEG in the ATPS can be attributed to three factors: (i) the molecular size of IgG, (ii) the steric exclusion effect exerted by the PEG molecules in the top phase, and (iii) the interfacial tension (26) . IgG is a largeY-shaped tetrameric glycoprotein composed of two light polypeptide chains and two heavy polypeptide chains linked together by disulphide bonds. IgG has a high molecular weight of 150 kDa (27) . Hence, the molecular weight of polymer used in ATPS will strongly affect the IgG's partitioning behavior (18) . An increase in PEG's molecular weight corresponds to an increase in the chain length of PEG. These polymers tend to form more extensive intramolecular hydrophobic bond when their chain length (i.e., PEG's molecular weight) increases (18) . At a constant PEG concentration in ATPS, the high-molecular-weight PEG gives rise to the extensive PEG intramolecular hydrophobic network compared to that of the low-molecular-weight PEG. This will reduce the free volume available in the top phase to accommodate the large IgG molecules due to the excluded volume effect. Also, these intramolecular interactions create repulsive forces causing an increase in the interfacial tension, which directly affects the mass transfer of the IgG molecules across the interface. Thus, the IgG was excluded to the salt-rich bottom phase, which is evident from the decreases in ln K and Y T . In this context, PEG with a lower molecular weight (i.e., PEG 1450) could lower the effect of excluded volume and the interfacial tension in the ATPS, thereby improving the partitioning of IgG to the top phase.
Effect of tie-line length on the partitioning of IgG The effect of tie-line length (TLL) on the partitioning behavior of IgG in the PEG 1450ephosphate ATPS at V R ¼ 1.0 and pH 7.0 is shown in Fig. 2 . As the TLL increased, the Y T of IgG drastically decreased to a minimum of 6.57% at TLL of 52.60% (w/w). No accumulation of protein was noted in ATPS at TLL of 26.85% (w/w). However, when the TLL increased from 35.82% (w/w) to 52.60% (w/w), a drastic increase in the accumulation of IgG at the interface was observed. This phenomenon resulted in an increase in theapparent partition coefficient (K), which is misleading and may not be a true representation of the IgG's partitioning behavior in the ATPS. Some similar cases have also been reported (8, 28) . Thus, for a better description of the IgG's interfacial partitioning behavior, ln G value was plotted against D[PEG] (18) . (w/w), suggesting that the partitioning of IgG showed a preference to the interface of ATPS prepared at TLL above 35.82% (w/w). An increase in TLL corresponds to the higher concentrations of polymer and salt in the top and bottom phases, respectively. Owing to the competition between salt and protein for the available water molecules in the bottom phase, the presence of salt at high concentration dehydrated and salted-out the proteins in the bottom phase (18) . However, the partitioning of salted-out IgG to the top phase could be impeded by factors such as the rise of interfacial tension, the decrease in protein solubility, and the free volume available in top phase, as TLL increased (29) . Consequently, when the TLL increased, these collective factors resulted in the greater accumulation of the rejected IgG at the interface of ATPS. The decrease in affinity of IgG to the top phase could be associated with the increase in interfacial tension and excluded volume effect exerted by the top phase, and also the effect of salting-out exerted by the bottom phase. (27, 30) . The partitioning of proteins towards a specific phase is restricted by the steric effects imposed by the components of that phase (i.e., the free volume effect) (31) . Thus, for the systems with a similar phase composition, a higher number of smaller-size proteins could be accommodated in a particular phase in comparison to the larger-size proteins. As described in literature (18) , the term A in the applied linear relationship depends on parameters such as particle surface area, contact angle, type of protein, polymer's molecular weight, and temperature. Therefore, it can be assumed that the size factor of IgG is responsible for the decrease in favorable proteinepolymer hydrophobic interaction as well as the increase in interfacial accumulation of IgG at a lower D [PEG] . To prevent the loss of IgG at the interface, PEG 1450ephosphate ATPS at a lower TLL of 26.85% (w/w), which gave the Y T of 70.41% (Fig. 1) , was used in the subsequent experiments.
Effect of V R on the partitioning of IgG The effect of V R on the partitioning of IgG in the top phase of ATPS was studied in PEG 1450ephosphate ATPS at pH 7.0 along the TLL of 26.85% (w/w). Neither an increase of V R beyond unity nor a decrease of V R less than unity appeared to significantly affect the partitioning of IgG. At V R < 1.0, the ln K values were greater than unity (Fig. 3) . This was actually due to the loss of IgG at the interface and the decrease of IgG distribution to the bottom phase, resulting in the high apparent ln K values. For ATPS with an extremely low V R , the free volume in the top phase was known to be greatly reduced (21) . Thus, an accumulation of IgG at the interface occurred and caused a decrease in Y T to a minimum of 61.69% at the lowest V R studied (i.e., 0.38) in ATPS. When the V R was increased beyond unity, there was a slight increase in Y T from 70.41% (at V R ¼ 1.0) to 79.99% (at V R ¼ 4.0, the highest studied V R in this experiment) due to the increase of free volume in the top phase. On the contrary, a decrease in ln K was observed when the V R was increased from 1.0 to 4.0. These results indicate that a higher V R will lead to an unfavourable dilution of targeted protein in a larger volume of the top phase. Moreover, an ATPS with a higher volume of viscous phase was not feasible for large-scale applications due to the long separation time and high yield of impurity in the top phase, as reported in the previous work by Chow et al. (19) . Thus, the extraction of IgG at V R close to unity excels in terms of extraction efficiency and operability.
Effect of NaCl on the partitioning of IgG The effect of unequal distribution of phosphate ions in the PEGephosphate ATPS could be alleviated by introducing salt additives to the system. According to Walter and Johansson (32) , the recovery of positively-charged proteins in ATPS can be improved by the salt additives according to the series:
. In this study, NaCl was selected as the preferred salt additive owing to its relative neutrality and low cost. In an attempt to compare the selectivity of separation, the effect of NaCl on the partitioning of BSA at pH 7.0 was studied in parallel. A linear relationship between ln K and ln [Cl À ] can be observed in the partitioning of either IgG or BSA in the ATPS. By estimating the data points presented in Fig. 4A using linear regression, the correlation coefficients (r 2 ), the slopes (a 00 ), and the intercepts (b 00 ) were found and are summarized in Table 1 . These results are in agreement with Eq. 7, showing that this relationship provides a good fit to the partitioning of IgG (r 2 ¼ 0.955) and BSA (r 2 ¼ 0.994) in the 14.0% (w/w) PEG 1450 þ 12.5% (w/w) phosphate ATPS (pH 7.0) with NaCl added in the range of 1.0% (w/w) to 7.0% (w/w). Apparently, among all the parameters of ATPS, the influence of NaCl addition on the partitioning of IgG is the most significant.
From Table 1 , the values of a 00 and b 00 for IgG are found to be more positive than that for BSA. This trend suggests the existence of a difference in interaction strength between the PEG and the IgG/BSA as a function of the electrostatic and hydrophobic interaction induced by the NaCl. The slope a 00 calculated from Eq. 7 is a coefficient which depends on the net protein charge. At pH 7, IgG (pI ¼ 9.1) is positively charged, while the BSA having the pI at 4.8 is negatively charged (25) . The Na þ and Cl À from NaCl possess different affinities towards the two phases. The water-structure breaking anion, Cl À , favors the more hydrophobic phase (i.e., the PEG-rich top phase) (24) . Accordingly, the partitioning of positively-charged proteins (e.g., IgG) to the top phase is enhanced particularly. This favorable electrostatic interaction explains the strong dependency of IgG partitioning on the addition of NaCl (i.e., a 00 IgG > a 00 BSA ). Thus, the ln K of IgG in the ATPS containing 14.0% (w/ w) PEG 1450 and 12.5% (w/w) phosphate increased drastically with the addition of NaCl up to 7.0% (w/w) as shown in Fig. 4A . The maximal Y T (i.e., 99.50%) of IgG was attained at 5.0% (w/w) NaCl (Fig. 4B) . The Y T remained relatively constant for ATPS containing NaCl above 5.0% (w/w). Although the results in Fig. 4A showed that the BSA exhibited a preference to the bottom phase (ln K < 0), an increasing trend in ln K of BSA with the addition of NaCl was still observed. Theoretically, the K of a negatively-charged protein should decrease with an increasing concentration of NaCl in an ATPS. However, the increasing trend in ln K of negatively-charged BSA in this study is exceptional (Fig. 4A) , where the K was not lowered by the presence of NaCl. This trend indicates that there is another factor aside from the electrostatic interaction that governs the partitioning behavior of BSA in the ATPS. The hydrophobic difference between the phases of the PEGephosphate ATPS has been reported to increase with the addition of NaCl up to 17.6% (w/w) (33) . These facts are in agreement with Eq. 7, as it can be seen that the intercept b 00 of Eq. 7 involves a non-electrostatic term given in Eq. 6, which depends on the protein-polymer hydrophobic interaction. Upon the addition of neutral salt, the ordered water structure around the hydrophobic chain of PEG as well as the hydrophobic zone of protein will be altered (34) . This change in water lattice structure induced by NaCl promotes a favorable proteinepolymer hydrophobic interaction of PEG with both IgG and BSA, but to a stronger extent for the former due to its larger hydrophobicity. This explains the increasing trend observed in ln K of both IgG and BSA in the ATPS with the increasing concentration of NaCl. The total effects of hydrophobic and electrostatic interactions exerted on the IgG were even stronger in the similar ATPS. Therefore, IgG partitioned predominantly to the PEGrich top phase and resulted in the more positive values of a 00 and b 00 .
Based on the increasing trend in ln K of BSA as shown in Fig. 4A , it can be speculated that a further increase in NaCl concentration will result in a larger amount of BSA being extracted to the top phase, thereby affecting the purity of the desired antibody during the purification process. Moreover, the recovery of IgG in the PEGephosphate ATPS would decrease at a substantially higher concentration of neutral salt due to the reduced solubility of protein solubility and the resulting loss of IgG at the interface (9) . Therefore, the ATPS composed of 14.0% (w/w) PEG 1450, 12.5% (w/w) phosphate and 5.0% (w/w) NaCl was selected for further study.
Effect of pH on the partitioning of pure IgG The effect of pH on the partitioning of IgG in the ATPS containing 14.0% (w/w) PEG 1450, 12.5% (w/w) phosphate and 5.0% (w/w) NaCl is shown in Fig. 5 . The IgG exhibited an overall top-phase preference in ATPSs over the studied pH range (i.e., pH 5.5 to pH 9.0). From Fig. 5 , the influence of pH on the partitioning of IgG was found to be The correlation constants, a 00 and b 00 of Eq. 7 for the effect of the addition of neutral salt on the partitioning of pure proteins in the PEG 1450ephosphate ATPS.
insignificant. Theoretically, the partitioning of the target protein to the top phase of ATPS could be improved by using a system pH value higher than the protein's pI (19) . However, the abovementioned condition is not applicable to IgG partitioning due to the increasing denaturation tendency of IgG as the system pH approaches the proximity of IgG's pI (35) . This fact corroborates the accumulation of IgG observed at the interface when the system pH was increased beyond pH 7.5; for example, the Y T of IgG decreased to 68.53% when the ATPS was at pH 9.0. Nevertheless, the optimum ln K (8.07) and Y T (99.97%) of IgG was attained at pH 7.5. These results revealed the attainment of a fine balance between the protein's surface net charge and the proteinepolymer hydrophobic interaction. Moreover, the need for pretreating the crude feedstock could be eliminated and the stability of IgG could be well maintained at pH 7.5, which is near to the physiological pH, as compared to the low system pH applied in other reported works (7, 8, 10) .
The results in this work and the relationship between the ln K and the NaCl concentration demonstrated in several literatures for the partitioning of various biomolecules in different polymeresalt ATPS incorporated with NaCl (7,36e38) reveal the potential applicability of the approach in Eq. 7 to describe and correlate the influence of NaCl concentration on the partitioning behavior of biomolecules in the ATPS. The proposed relationship provides the valuable insights into the dependence of the protein partitioning on the system variables, thus aiding in the system selection and enabling the prediction of protein partitioning in ATPS. This simplified relationship also reduces the amount of experimental information required to obtain the relationship parameters, thereby making it easier to be applied to scale-up of ATPS. When the system pH is below the pI of the hydrophobic target protein, one can deduce, based on Eq. 7, that the increasing concentration of NaCl concentration will further promote the partitioning of the positively-charged hydrophobic target protein to the ATPS's top phase. The applicability of the proposed relationships in elucidating the ATPS extraction of antibodies from complex biological suspension or culture feedstock will be attempted in future study.
In this study, the PEG's molecular weight, phase composition and presence of NaCl greatly influenced the selective partitioning of IgG in the polymer-salt ATPS. The optimum recovery of IgG (Y T ¼ 99.97%) was achieved in the 14.0% (w/w) PEG 1450 þ 12.5% (w/w) phosphate ATPS with the addition of 5.0% (w/w) NaCl at pH 7.5. The interfacial partitioning behavior of IgG in the PEG 1450ephosphate ATPS with TLL in the range of 35.82% (w/w) to 52.60% (w/w) at pH 7.0 was in good agreement with the linear correlation between ln G and D [PEG] . The accumulation of IgG at the interface occurred at a D[PEG] lower than that of BSA due to the large size of IgG. The overall negative impact of the increased D
[PEG] on the interfacial partitioning of pure IgG suggests the applications of a lower total phase composition and a lower molecular weight of PEG in an ATPS for a higher recovery of the target protein and a better process operability (i.e., lower viscosity). The extended relationship has incorporated the effect of NaCl concentration (i.e., Eq. 7), and was used to correlate the partitioning of pure IgG and BSA in the 14.0% (w/w) PEG 1450 þ 12.5% (w/w) phosphate ATPS (pH 7.0) containing 1.0% (w/w) to 7.0% (w/w) NaCl. This resulted in a linear relationship between the ln K and ln [Cl À ]. All in all, a clearer understanding of the general trend of protein partitioning was successfully described by Eq. 7 covering the effects of phase composition, protein size, system pH and NaCl concentration.
